A sample pretreatment method, solid-phase extraction combined with dispersive liquid -liquid microextraction (SPE -DLLME), was established for the sensitive determination of polycyclic aromatic hydrocarbons (PAHs) in smoked bacon samples. In the SPE -DLLME process, three PAHs including naphthalene (Naph), phenanthrene (Phen) and pyrene (Pyr) were extracted from samples and transferred into C18 SPE cartridge. The target analytes were subsequently eluted with 1.2 ml of acetonitrile -dichloromethane (5:1, v/v) mixture solution. The eluent was injected directly into the 5.0 ml ultrapure water in the subsequent DLLME procedure. The sedimented phase was concentrated under a gentle nitrogen flow to 120.0 ml. Finally, the analytes in the extraction solvent were determined by high-performance liquid chromatography with a ultra-violet detector. Some important extraction parameters affecting the performance, such as the sample solution flow rate, breakthrough volume, salt addition as well as the type and volume of the elution solvent were optimized. The developed method provided an ultra enrichment factors for PAHs ranged from 3478 to 3824. The method was applied for the selective extraction and sensitive determination of PAHs in smoked bacon samples. The limits of detection (S/N 5 3) were 0.05, 0.01, 0.02 mg kg 21 for Naph, Phen, Pyr, respectively.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a class of hydrophobic compounds consisting of two or more fused aromatic rings formed during the incomplete combustion of carbonaceous materials at high temperature. So far, over 100 PAHs have been known to occur naturally, and 16 of them are on the priority pollutant list of the U.S. Environmental Protection Agency (1) . Due to their toxic, carcinogenic and mutagenic effects, as well as their ubiquity in the environment (water, air, soils) and human food products, these compounds received great research interest (2 -5) . Smoked meat products present a significant part of the human diet because of their good taste, high nutritional value and large variety of products. However, it is well known that hundreds of individual PAHs may be formed and released during the incomplete combustion or thermal decomposition of the organic material. Therefore, monitoring of PAHs in food samples is important in evaluating the risks associated with human consumption of meat products (6) .
At present, the determination of PAHs in food has been carried out by different analytical techniques, including fluorometric and spectrophotometric high-performance liquid chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS) or gas chromatography with flame ionization detector (7) . However, the target components existing in the complex matrix are at trace level and difficult to detect directly. In general, a preconcentration procedure is needed before the analysis to assure the accuracy and sensitivity of the developed method. Many pretreatment procedures have been developed and subsequently applied for the monitoring of PAHs such as solvent extraction (8, 9) , solidphase extraction (SPE) (5, (10) (11) (12) , solid-phase microextraction (SPME) (4, 13, 14, 15) as well as dispersive liquid-liquid microextraction (DLLME) (16, 17) . Compared with LLE, SPME is a solvent free process that includes simultaneous extraction and preconcentration of analytes from aqueous samples or from the headspace of the samples. However, the fiber used in SPME is fragile. The fiber has limited lifetime, and the sample carry-over should also be a problem (18) . SPE is a traditional sample-preparation technique, commonly used for clean-up and preconcentration in biological and environmental samples analysis (19) . Compared with LLE, SPE has the advantages such as simplicity, high speed, less consumption of organic solvents and high reproducibility. DLLME developed by Assadi and coworkers (20) is a novel microextraction technique. It is based on a ternary component solvent system like homogeneous liquid-liquid extraction and cloudpoint extraction. The advantages of the DLLME method are simplicity of operation, rapidity, low cost, high recovery and enrichment factor (EF). This method has been applied for the determination of trace organic pollutants and metal ions in the environmental samples. All the above methods suffered from the low selectivity for the extraction of analytes from complex samples. Recently, SPE combined with DLLME showed a potential ability to isolate the analytes from the complex samples and reduce the matrix effect (21) (22) (23) (24) (25) . These methods can provide very high EFs and high selectivity. Unfortunately, the applications of the SPE-DLLME technique were mainly to water and plant samples followed by GC with electron-capture detection (ECD) or MS. The complexity of matrix interference in water sample is far lower than that in the biological matrices and food samples. Till now, only one paper reported the application of SPE-DLLME to biological matrices followed by HPLC (25) . But, the EF (62) was not satisfied, and did not demonstrate the superiority of the SPE-DLLME method sufficiently. Furthermore, in the previous SPE-DLLME methods, only methanol or acetonitrile (ACN) was used as the eluent in the SPE process which could not elute targets effectively.
The aim of this work is to establish a novel SPE -DLLME technique as a sample-preparation method for PAHs in smoked bacon samples. Three kinds of the eight PAHs recently indicated as the most suitable indicators of the presence of carcinogenic and genotoxic PAHs in foodstuffs. It was the first time to use ACN-dichloromethane mixture solution as eluent in the study. Compared with the use of methanol or ACN as eluent, a remarkable improvement in elution efficiency was achieved. Also, the mixture eluent gave a perfect combination of both SPE and DLLME procedure. Some important extraction parameters affecting the performance, such as the sample solution flow rate, breakthrough volume, the salt addition as well as the type and volume of the elution solvent were thoroughly investigated and optimized. The optimized method was applied to determine PAHs in smoked bacon samples to evaluate the application of this method to real food samples.
Experimental

Reagent and standards
PAHs including naphthalene (Naph), phenanthrene (Phen) and pyrene (Pyr) were of analytical reagent grade and purchased from Aladdin Reagent Database Inc. (Shanghai, China). Each compound was dissolved in methanol to make a 500-mg ml Sample and sample preparation Three kinds of smoked bacon samples were purchased randomly from supermarkets in Wuhan, China. The samples were homogenized and then stored in dark at 48C in tightly sealed glass bottles prior to extraction and analysis.
Sample extraction and clean-up were performed as reported (26) with some modifications. Approximately 20 g of the homogenized sample was weighed into a round-bottom flask (500 ml), and 100 ml of a 2-mol l 21 solution of potassium hydroxide in water -ethanol mixture (1:9, v/v) was added. The mixture was refluxed in the dark (the electro-mantle was first set to 608C and reduced to 308C when the mixture started boiling). After completion of saponification (1.5 h), preweighed amount of cyclohexane (100 ml) was added slowly. After 15 min, the mixture was cooled by adding cold ultrapure water (100 ml). After 30 min, the flask was tightly capped and thoroughly shaken and kept overnight in the dark. The clear upper cyclohexane layer was collected into a round-bottom flask (250 ml). The extract was concentrated to about 2 ml using a rotary evaporator at 308C. Then, it was reconstituted in 500 ml of water. Finally, the reconstituted solutions were stored at 48C and filtered through a 0.22-mm membrane filter prior to use.
Instrumentation and analytical conditions SPE equipment and Cleanert ODS C18 SPE cartridges (500 mg/ 3 ml) were purchased from Agela Technology Inc. (Beijing, China). An 80-2 centrifuge (Jiangsu Zhongda Electric Appliance Co. Ltd., China) was used for centrifuging. 0.22 mm polycarbonate membrane was obtained from Xingya Scavenging Material Company (Shanghai, China).
PAHs analysis was carried out by a Dionex Summit P 680 HPLC system equipped with a manual injector and the variable wavelength detector (VWD) (Dionex Technologies, USA) assisted by a temperature controller for column oven (Nuohai Technologies, China). A personal computer equipped with a Chromeleon ChemStation program for HPLC was used to process chromatographic data. A reverse-C18 column (5 mm, 4.6 mm Â 250 mm) from Toptll Technology (Wuhan, China) was connected with a guard column cartridge (5 mm, 2.1 mm Â 12.5 mm, Agilent Technologies, PaloAlto, CA, USA) filled with the same packing material for separations. The mobile phase was a mixture of methanol-water (95:5, v/v) and the flow rate was 1.0 ml min 21 . The column temperature was set at 308C and the VWD was set at a wavelength of 272 nm for Naph and Pyr and of 250 nm for Phen. All injections were performed manually with a 25-mL sample loop.
SPE-DLLME procedure SPE of PAHs from the water samples was carried out using the Cleanert ODS LC-C18 SPE columns (500 mg/3 ml) syringe barrel (Agela Technologies, Beijing, China). The column outlet was connected to a SPE equipment. The SPE column bed was conditioned with 3.0 ml of ACN-CH 2 Cl 2 (5:1, v/v) and 5.0 ml of water, respectively. The sample was loaded at a flow rate of 20 ml min 21 with the aid of a vacuum pressure pump. The syringe barrel was rinsed with 2.0 ml of water to remove the matrix interferences. Then, the column was dried under vacuum for 3 min. The target analytes were subsequently eluted with 1.2 ml of ACN-CH 2 Cl 2 (5:1, v/v) mixture solution, and then the collected eluent was injected rapidly into the 5.0 ml ultrapure water placed in a 10-ml glass test tube with conical bottom in the subsequent DLLME procedures. The mixture was gently shaken for several seconds. A cloudy solution resulting from the dispersion of the fine dichloromethane droplets in the aqueous solution was formed in the tube. After centrifugation at 4000 rpm min 21 for 8.0 min, the dichloromethane phase was sedimented at the bottom of the test tube. The sedimented phase (about 160 ml) was removed and concentrated under a gentle nitrogen flow to 120 ml. Finally, 100 ml of the solution was injected into HPLC for analysis.
Results
Optimization of SPE -DLLME conditions
In this study, the Cleanert ODS C18 solid-phase columns were chosen to isolate and concentrate PAHs due to the wide scope of application of these cartridges from non-polar to moderate polar analytes in aqueous solution. Besides, several conditions associated with the SPE -DLLME efficiency, such as the flow rate of the sample loading, breakthrough volume, type and volume of elution solvent and ionic strength were investigated in sequence to achieve acceptable recoveries upon the extraction of samples spiked with 2.0 mg l 21 of PAHs.
Effect of the flow rate of the sample solution The flow rate of the sample solution through the Cleanert ODS C18 SPE cartridge is a significant factor, which may affect the effective retention of the target analytes and controls the analysis time. The effect of flow rate on recovery of three PAHs was investigated in the flow rate range of 3-20 ml min 21 . The results of the experiment showed that the recoveries of PAHs were almost constant when the flow rate was changed over the range. So, 20 ml min 21 was chosen as the optimized flow rate of sample solution in the following experiments.
Effect of the sample volume
The breakthrough volume is another considerable parameter for SPE -DLLME. Different sample volumes (200, 400, 500, 600 and 800 ml) of the standard solution of the analyte mixture were loaded on the Cleanert ODS C18 SPE cartridge to monitor the effect of the breakthrough volume for the PAHs. The results of the study indicated that constant recoveries were obtained for the three kinds of analytes with different sample volumes while EFs of analytes increased with the increasing of sample volume. Considering the analytical time as well as the trace level of PAHs in food samples, a sample volume of 500 ml was chosen as the optimized sample volume for the following tests.
Effect of eluent type and volume
Considering the procedure consistency of SPE and DLLME, a mixture eluent (containing both extractant and dispersant in the DLLME procedure) was employed to achieve a better combination of SPE and DLLME. To investigate the feasibility of the mixture eluent in SPE procedure, 1.2 ml different eluents including methanol, ACN, dichloromethane, methanol with dichloromethane and ACN with dichloromethane were tested, respectively. The results showed that the recoveries of three analytes eluted by methanol-CH 2 Cl 2 and ACN-CH 2 Cl 2 were obvious higher than by methanol and ACN. The elution capability of the mixture of ACN-CH 2 Cl 2 was slightly inferior in comparison with that of dichloromethane, but the recovery was still remarkable. And, the eluate must be dried to a small volume before the next DLLME process with 1.2 ml dichloromethane as the eluent. The results indicated that the mixture of ACN-CH 2 Cl 2 was applicable in next tests. Subsequently, 1.2 ml mixture eluent of methanol or ACN with different haloalkanes such as dichloromethane (CH 2 Cl 2 ), trichloromethane (CHCl 3 ), tetrachloromethane (CCl 4 ), 1,1-dichloroethane (C 2 H 4 Cl 2 ), 1,1,1-trichloroethane (C 2 H 3 Cl 3 ) and 1,1,2,2-tetrachloroethane (C 2 H 2 Cl 4 ) were studied in the following SPE-DLLME experiments. From the result shown in Figure 1 , a conclusion could be made that when chosing 1.2 ml mixture of ACN-CH 2 Cl 2 as the eluent, an improved extractive efficiency could be achieved (the mixture solution did not stratify with CH 3 OH-CH 2 Cl 2 as the eluent in the DLLME). Therefore, a mixture eluent of ACN-CH 2 Cl 2 was selected as the eluent in the subsequent experiments. In the mixture, ACN was used as the dispersant, CH 2 Cl 2 was used as the extractant in the DLLME process. It was different from the conventional SPE-DLLME method to use the mixture of ACN-CH 2 Cl 2 as the eluent instead of single solvent methanol or ACN. This strategy could enhance the eluent efficiency in SPE and simplify the DLLME procedure.
Besides, different proportions of ACN with dichloromethane were investigated. The results indicated that with the use of relatively few haloalkane solution (200 ml), the mixture of ACN -CH 2 Cl 2 (5:1, v/v) used as the eluent exhibited the most favorable result. Thus, 1.2 ml ACN-CH 2 Cl 2 mixture of 5:1 (v/v) was selected as eluent.
According to the introduction of the Cleanert ODS C18 SPE cartridge, the minimum eluent volume was 1.2 ml. For the evaluation of the eluent volume, the experiment was performed five times with 1.2 ml mixture eluent of ACN -CH 2 Cl 2 (5:1, v/v) to make sure that 1.2 ml mixture eluent of ACN -CH 2 Cl 2 (5:1, v/v) could elute the analytes sufficiently. Thus, 1.2 ml of elute solvent volume was used in the followed experiments.
Analytical performance
The calibration curve was obtained under the above-optimized SPE -DLLME-HPLC -UV conditions. As shown in Table I , blank smoked bacon was spiked at the range of 0.25 -160 mg kg 21 with Naph, Phen and Pyr, the correlation coefficients (R 2 ) of the calibration curves were ranged from 0.9989 to 0.9995. The EFs of PAHs were high and ranged from 3478 to 3842. The limits of detection (LOD) and limits of quantitation (LOQ), based on signal-to-noise ratios (S/N) of 3 and 10 of the method, were 0.05 Figure 1 . Efficiency of different extractants and dispersants evaluated for extraction of PAHs by SPE-DLLME procedure. Extraction condition: water sample volume, 500 ml; flow rate, 20 ml min
21
; eluent volume, 1.2 ml; the proportion of extractant with dispersant (5:1, v/v); concentration of PAHs, 2 mg l 21 ; ultrapure water volume, 5 ml.
and 0.20 mg kg 21 for Naph, 0.01 and 0.05 mg kg 21 for Phen 0.02 and 0.10 mg kg 21 for Pyr, respectively. The reproducibility of the method was determined by the intra-and interday precisions at the concentration of 5, 60 and 120 mg kg 21 for PAHs in spiked smoked bacon samples, respectively. As summarized in Table II , the results showed that the intraday precisions (RSDs) ranged from 1.4 to 8.9%, while the interday precisions (RSDs) ranged from 4.1 to 9.3%.
Moreover, the chromatograms ( Figure 2) were observed by the SPE-DLLME procedure (compared with SPE), which indicated that the developed method improved the selectivity of the sample pretreatment process obviously.
A clean-up step using silica gel column chromatography after the aforementioned sample extraction process for the samplepreparation procedure of smoked bacon was also tried. No obvious difference was observed in the chromatograms compared with that without a clean-up step. The results indicated that the SPE -DLLME procedure has great effect in reducing matrix effect and effectively reduces the complexity of the sample processing.
Application to smoked bacon sample The chromatograms of smoked bacon samples before and after treated by SPE -DLLME were shown in Figure 3 . The results showed that PAHs were extracted effectively and no interference from the samples matrix was observed after SPE -DLLME process, which demonstrated the high selectivity of the given method.
The developed SPE-DLLME-HPLC technique was applied for the determination of PAHs in smoked bacon samples to elucidate the feasibility and reliability of this method. Three kinds of smoked bacon samples were collected from local supermarkets randomly. The samples were spiked with PAHs standard solutions at different concentration levels to assess the performance of the established method. For each concentration level, five replicate experiments with the whole analysis process were made. As shown in Table II , the extraction recoveries of PAHs in the spiked smoked bacon samples were 93.1-113.1%. Table III shows the contents of target PAHs in the different edible parts. We can conclude that the smoked bacon production usually has high concentrations of PAHs, especially in the fatty parts. It can be concluded that the method is a reliable technique for the analysis of trace PAHs in complex food samples.
Discussion
Comparison of SPE-DLLME with other published methods We compared the data of the SPE -DLLME -HPLC-UV method with the results of other published methods, such as pressurized liquid extraction (PLE) -GC -MS, SPE-GC-MS, microwaveassisted extraction (MAE)-SPE -HPLC -fluorescence detector (FLD) from the aspects of the linear range, LOD, LOQ as well as relative standard deviation (RSD). As listed in Table IV , the results revealed that the SPE -DLLME is a sensitive, reproducible technique that can be used for the PAHs ultra preconcentration from smoked bacon samples. ; ultrapure water volume, 5 ml. with the treatment of SPE (1) SPE-DLLME (2) procedure (272 nm for (A) and 250 nm for (B)).
Conclusions
In this paper, a SPE-DLLME method was established for high sensitive determination of PAHs in smoked bacon samples. The new approach has numerous advantages such as simplicity of operation, ultra preconcentration factor, low detection limit compared with other conventional sample-preparation methods. The performance of this procedure in PAHs extraction from different smoked bacon with various matrices was excellent. Accordingly, the proposed method possesses great potential for future application to residue determination and prohibited substance measurement from complex foodstuffs. Figure 3 . Typical chromatograms of smoked bacon sample by SPE-DLLME-HPLC -UV. Chromatogram of non-spiked smoked bacon with the treatment of SPE-DLLME (1), smoked bacon spiked with PAHs at the concentration of 60 mg kg 21 without (2) with (3) the treatment of SPE-DLLME (272 nm for (A) and 250 nm for (B)). 
